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FOREWORD

This report has been generated under the interior ballistic
analysis portion of Project 62405094 2560, It is an extension of a
propellant actuated device interior ballistic formulism developed at
the Jet Propulsion Laboratory (reference 1) at Pasadena, California,
under NAS 7-100, The report was written by 1lst Lt 0, K., Heiney, USAFR,
attached to the Air Force Armament Laboratory [AFATL (ATWG) ] for an
annual active duty tour, Assistance of the personnel of both AFATL
(ATBA) and the Armament Development and Test Center [ADIC (ADTVF-2)]
with the formulation and execution of the computer program is gratefully
acknowledged.

Information in this report is embargoed under the Department of
State Internmationeal Traffic in Arms Regulations, This report may be
released to foreign govermments by departments or agencies of the U, S,
Government subject to approval of the Air Force Armament Laboratory
(ATWG), Eglin Air Force Base, Florida, or higher authority within the
Department of the Air Force, Private individuals or firms require a
Department of State export license,

This technical report is approved,

CHARLES K. ARPKE, Lt Colonel, USAF
Acting Chief, Weapons Division
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ABSTRACT

A closed breech incremental interior ballistic formulism is presented
along with a Fortran ! computer program which utilizes the system,
Typical input and output data, both plotted and tabular, are included,

A unique characteristic of the system is that it avoids the inaccuracies
associated with approximate analytic propellant regression expressions
in that regression rates are determined by a tabular routine, Various
pressure gradient expressions are investigated. Correlation of the
mathematical model and computer predictions to experimental device
firings are presented. A shock-driven deflagration effect which may

be initiated during the ignition transient is described and a postulated
correlation parameter defined.

This document is subject to special export controls,
and each transmittal to foreign nationals or foreign
governments may be made only with prior approval of
the Air Force Armament Laboratory ( ATWG), Eglin Air
Force Base, Florida 32542,
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NOMENCLATUR

Bore Area

Acceleration

Arbitrary Constant

Constant Volume Gas Specific Heat
Charge Weight

Kinetic Energy of Propellant Gas
Force

Impetus of Propellant

= Acceleration Due to Cravity

Pseudo Mass of Propelled Device
Mass of Propelled Device

= Mach Number

Propellant Burned
Average Plenum Pressure
Total Pressure

= Shot Base Pressure
= Regression Rate of Propellant
= Gas Constant

Burning Surface of Propellant

Gas Temperature

Isochoric Flame Temperature of Propellant
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= Initial Chamber Volume

Gas Velocity

Distance from Shot Base to X,
Initial Shot Reference

Arbitrary Reference Behind Shot

Heat Loss Factor

Specific Heat Ratio of Propellant Gas
Density Distribution Factor

Covolume of Propellant Gases
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SECTION I

INTRODUCTION

The basic interior ballistic problem of any closed breech gun system is
to determine the energy release and corresponding pressure generated by the
burning of propellant in a variable volume. From the energy balance and the
equation of state, the pressure-time or pressure-travel as well as muzzle
velocity and piezometric efficiency of the system is established, thus pro-
viding the complete ballistic solution.

The results of the analysis, Section II, are essentially contained in
equations (9) and (26) which are in an incremental form specifically tailored
for machine computation, Program listing and typical results are presented
in Section III.

The analysis in Section II considers first the energy balance of the
system in paragraph A, Section II. In paragraph B, Section II, the kinetic
energy in the propellant gas is determined. Also investigated are various
expressions for the pressure gradient from the breech to the moving shot. In .
paragraph C, Section II, the constant burning surface of single perforate
propellant is demonstrated and a tabular regression routine defined.

Section IV illustrates the comparison of the presented model to experi-
mentally measured pressure histories of device firings. The experimental
set-up is described, and a shock-driven deflagration phenomenon that was
encountered is defined,
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SECTION II

ANALYSIS

ENERGY BALANCE

The Noble-Abel equation of state is:

(V- 1) = nRT (1)
Where T is the ""covolume" of the propellant and has the units of volume/ ,
{ mass which arises due to the fact that the combustion products are not perfect 1
gases, l

The central property of the propellant is its "impetus," Fp, vhich is
qualitatively similar to the c* of rocket propellants.

F, = KTo (2)

Where T_is the isochoric flame temperature of the propellant gases and

F, has units of specific energy ( ft-1b/1b),

The energy equation, following the techniques in reference 2, for the
system will be

t
]
]

}.‘.,‘.,4'}:3 + E), vhere

= energy put in system from propellant combustion
E, = translational energy of piston

3
=
|

133 = heat loss to walls

E, = kinetic energy of unburned propellant and propellant gases
A = cross section of bore

v, = initial chamber volume

X = distance from X, to piston base.

The instantaneous free chamber volume is a function of the initial chamber
volume plus the barrel volume exposed by shot motion minus volume occupied by un-
burnt propellant and combustion gases. Combining equations (1) and (2) then gives

Cy - N
P [(vc + AX) - (G - o) - TNy ]: NpE T (3)
_
(o]




Thermal and chemical energy released by propellant will be

E} = MC(T, - T) ()
Translational energy of the piston will be
72
Ep = 1/2m, V H

The heat loss of the gases is proportional to the distance traveled,
which (following reference 3) is roughly proportional to the square of the
velocity. We can, to a good approximation, say that

E5 = 1/2 pmy V2 ﬂ

Using the expression developed in paragraph B, below, for the kinetic ]

energy contained in the accelerating gas and unburned propellant, we may write
C,V@

1

E, = 1/2 ¥
g6 1

We may defir-

m, =m_ + _W¥W
A P ”

Then
Ep + E5 + By = (1 + 8)(1/2)m, V2 (5)
Defining Y by equation (6)
» (¥-1) = %v = xi'p/cv'ro (6)
Then from equations (L), (5), and (6)
¥ Npr(l - T/Ty) = /2(Y-1) (1 +8) my V2 (7D

The temperature ratio is eliminated by the introduction of the equation
of state to give the fundamental ballistic equation




M- (x=1) (1 + 9 =2 ¥ =y [ (v + A9 -L‘i'*p_“‘i‘ﬁ - ] (s
P

or as a differential form of equation (8) is more convenient for incremental
computation, differentiating, and taking differential chamber volume changes
due to charge regression as second order; this is

dp (C W)

dN
AV v d
= [(VC+AX) = i

b
- T ] =3t Tp - (v D)(1+8) my 5= == - PAVAS—: (9)

Equation (9) provides the basis for the complete incremental interior bal-
listic solution; however, two additional functions are necessary to provide
required relationship in the above formulation,

The first is projectile velocity as a function of average chamber pressure,
or V.= T (Pg, & mp)

This relation is determined in paragraph B below. The second expression
required is a value for the surface exposed to burning as a function of web
fraction burned.

which is covered in paragraph C below.

PRESSURE GRADIENT AND GAS KINETIC ENERGY

The determination of the pressure gradient in “he barrel is central to the
ballistic solution, as the velocity of the shot is a function of the pressure
at the shot while equation (9) gives a valuc for Ppy. The density distribution
in the gas is also required to give a value for the gas kinetic energy. The
density and pressure variations are determined ror an average temperature in
the combustion chamber of T, and also for an average temperature of 7/10 T,.
This problem was first studied by La'Grange and his approach introduces the
analysis,

dp o
S-E+-a;(pv)=0 (10)




and assuming constant density

o)

9p
ox

results in equation (10) being separable with the result,

13 av
- (11)
p ot ox

Equation (11) is integrated with the boundary conditions

(¢]
dx
BD2. X=X ,V=V=E
v X
[ avec [
o ‘o
v = Cx (12)
at boundary 2
. 1 &X
X dt
then
x & e
Mg T: )
’ It is thus seen the constant density assumption of La'Grange will directly
result in a linear velocity profile for the gases, equation (13). Constant

density is then a sufficient condition for velocity linearity, though not
necessarily a necessary condition.

The kinetic energy in the gas using the above approach is then

A 2
Eg = 1/2 _[:Apv-? dx = E—p Ve j: % dx = (1/2) (1/3) AgXV2




then
£ - (1/2) (1/3) ¥ 1o SV

g 68

(1)

where
6 = 3 for the Lat'Grange solution.

The factor § was introduced by Hirschfelder (reference 3) in his extension
of the work of Kent (reference 4) who allowed the gas density to vary and solved
for § as a function of the charge to projectile mass ratio.

Solutions of the form § = f (C“ﬁﬁg)

are useful for the approximate closed form ballistics of Hirschfelder but are

of less utility for incremental computer solvable interior ballistic system dis-
cussed here. The results of La'Grange (6 = 3) essentially state that the energy
in the accelerating gas is equivalent to 1/3 of the gas mass traveling at shot
velocity. This is a good approximation at velocities where the gas density is
almost constant. It falls apart, as would be expected, at velocities where the
density is no longer uniform,

For incremental computations, § is most.effectively formulated as a function
of shot velocity. To do thic, it is first necessary to describe the density
variation behind the projectile as a function of shot velocity. It is then
assumed that a linear velocity gradient exists behind the shot ard also that
isentropic flow relations may be used during an interval to describe the flow
behind the shot.

This requires that the flow during the short interval considered be looked
upon as "quasi-isentropic." From reference 5, the density ratio is then

wl/y -1
Wop = (1 Ll Lz.) a (15)
o 2 gRT

The question then arises as to what temperature should be used to define
the speed of sound in the environment of the burning gases. An upper bound for
this temperature would be the isochoric flame temperature of the gases T,; a
reasonable lower bound would be 7/10 T,. The analysis is then conducted with
the above values as bounds.

The results of equation (15) are plotted on Figure 1 for a y = 1,222 and
an RT, = 375,000 ft-1b/1b.







The energy increment in a small control volume of gas will then be

E; = 1/2 PN VEAAXN
Apg PN Cyw
EG=—2— Zp—OV;AXN=1/2g_6.V2 (16)

The value of §, for a given velocity, is determined by performing the
numerical summation of equation (16) on a digital computer. The results of
this procedure are plotted on Figure 2. As would be expected at low velocities,
the value of § approaches 3.0, The results of § as a function of velocity is
then fed into the main ballistic program as data and allows for the computation
of the value of the kinetic energy of the gas.

PRESSURE GRADIENT

The necessity of relating P, = f (P,y) has been explained above. The
approach used here is to relate Pg to P, by two independent methods and then
empirically determine a Ppy to Pg relationship. A value for the ratio of Pg/P,
may be obtained by means of the "quasi-isentropic" assumption used for densities
above.

vy -1\ -Y/¥l

= (17)

P/P°= 1+

The results of thi- relation are plotted on Figures 3 and 4 for the
temperatures T = T, & T = .TI, respectively.

Another approach to the pressure gradient solution would be to assume a
constant temperature process, In which case Euler's equation and the equation
of state will give:

P = pRT (18)
dp
VdV = - T (19)

combining equations (18) and (19) and integrating

PP
f" vdv = _J § RT gp
(o] Po P
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= =RT 1n (Pg - P,) (20)

The results of equation (20) are also plotted on Figures 3 and 4, The
constant temperature equation predicts a lower shot pressure than the quasi-
isentropic relation. To relate Pg to Ppy then, a heuristically reasonable
approach would be to assume that a relation of the forw

y-1 V¥ ~v/y=1

Po/Ppy = 1+ 57 ) (21)

with § > 1 would be satisfactory. To investigate this possibility, it is neces-
sary to develop a value for Ppy which has only the gas acceleration energy
accounted for, This is done as follows:

mv®
Py Ve - T Pay Ve

-

Ve
P P =14 22
av/ - 26 8Fp(T/To) (22)

Using the expression developed for § = f{v) with & = 1.5 the combined
results of equations (21 ) and (22) will give a value for l‘s“/l‘0 which is again
plotted on Figures 3 and 4., 1t is seen that this value of & gives consistent
results for both temperature extremes. It is used in the interior ballistic
formulism to relate the average pressures generated by equation (9) to the
pressure at the base of the shot required for the equation of motiou, as shown

below,

V=V +at (23)
P.A
2= = (2h)
m
</ v-1
1 o .
pB =11 + 2. PAV (2))
then A Ppy (y-1) V¥ -Y/y-1
VeV + 1+ —_— (26)
Iﬂp 3 ‘Wp
10
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Equation (26) thus provides the necessary relationship to solve for the
projectile motion once the average chamber pressure is shown., The final in-
formation required is an expression for the total rates of combustion.

GAS PRODUCTION
The time rate of gas production is simply written as

dNp
7 CTB

In most prior interior ballistic formulisms the approximation r = BP"
with constaut N has been made. Frequently, for closed form solutions, the
often questionable assumption that N = 1 is made. For & numeric solution,
however, no approximations are required. Burning rates as a function of pres-
sire, for currently used propellants, are tabulated in reference 7. These
values are read into the program as data, and a tabular interpolation routine
in the program determines the correct burming rate. Thus all recourse to
Vielle's law has been avoided.

The surface of burning of single perforate propellants is very nearly
constant as shown below, For other forms, such as cord, disk, anc¢ multiper-
forate, various empirical "form" functions exist to evaluate burning surface
as a function of unburned web. These functions are covered in detail in
references 3, 6, and 8,

" '2

W, =rao - rio for a propellant with ;,-Q << 1,
o

Burning surface for each grain will be

SI,o =21, W (r2 + rl)

after a burning increment of Ar




S =21n [[r -ar]+ [r + ar =21 n(r +r
I,t o 2 1 ) o ( 2 1)
thus at all times the burning surface is constant.

2
Volume of grain = 1, n(r, -r, )

N' = Number of grains/unit mass
Then the burning surface/unit mass of the propellant will be
Sp Sy N'* 21, n(¥x; +71,) 2

Cu ™ opVoN' o Lo m(FaX1) (Tas¥s) by w

or

Sp = G Cw (271,

Thus equations (9), (26), and (27) plus burning rate data provide the
relationships necessary to solve for peak pressure, muzzle velocity and com-
plete pressure-time, pressui2-travel, and velocity-travel of any type of closed
breech weapon.
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SECTION III

COMPUTER PROGRAM

INPUT DATA AND USAGE

The input data for the program is in two parts, The first is the
burning rate and impetus data for the propellant and may remain un-
changed as long as one type of propellant is used. The second type
card d .ineates the exact parameters for one given case and will change
for each case, Propellant data are determined from the tables in
references 7 and 9.

PROPELLANT CARDS,

1st CARD
Columns Data Decimal Point Units
1-8 Impetus of Propellant 7 Ft-Lb/Lb
12-16 specific Heat Ratio of Gases 13 Dimensionless
20-24 Density of Propellant 20 Lb/In.2
28-31  Covolume of Cases 30 In.2/Ib
33.36 Propellant Type Alpha Meric

2nd AND 3rd CARDS

20 reference pressures - 10 per card from 500 to 200,000 psia.
Lth AND 5th CARDS

20 burning rates taken from reference 7 at pressures listed above.
6th AND Ttb CARDS

20 reference velocities taken from 0 to 12,000 ft/sec,
8th AND 9th CARDS

Density distribution factor appropriate to propellant used and

corresponding to velocity listed above, Values cen be extracted
from Figure 2,

15




PROBLEM CARDS,

Columns Data Decimal Point Units
1-7 Bore Area 4 In,®
8-14 Chamber Volume 11 In.®

15-21 Projectile Weight 19 Lb
22.28 Barrel Length 27 In,
29-35 Propellant Web al In.
36-42 Heat Loss Lo Dimensionless
43_L49 Charge Weight Ly Lb
50-56 Shot Start Press 56 Lb/In.2

As many problem cards as desired may be loaded after the data for
a given propellant and will be handled sequentially by the program,
Data in the above format is illustrated in Table I,

RESULTS

Typical output is illustrated in Figures 5 and 6 and Tables II and
III. Output includes time from propellant ignition, chamber pressure,
shot base pressure, projectile velocity, chamber pressure slope, and dis-
tance traveled for a typical 25mm., The two sample cases are identical
except for a decrease in charge weight in the latter, Subsequent to the
case run, additional computations of extrapolated muzzle velocity to the
specified barrel length, ballistic efficiency, and piezometric efficiency
are also made, Following each printed output is the pressure-travel plot
generated by the computer, which is also a standard output, It should
be noted that the program is currently set up to run single perforate
uninhibited propellant. For other forms, a proper form function, as
mentioned above, must be inserted in the program. The heat loss facior,
B, has a value of between .3 to .4 for a 25mm and will be somewhat larger
for smaller bores and less for larger bore weapons.

COMPUTER PROGRAM
The FORTRAN Program listing used is given as Table IV, Run time

on the TO94 computer is quite short (about .05 second per case), The
program number is 958, and it is being maintained by ADTC (ADTVF-2).

16
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TYPICAL PROPELLANT AND CASE DATA CARDS,

2000,
Loooo.,

rs5oo0.,.

0000,

8.3
2 50:0 .

.81
9.6

3:0'0,0 . |

7500.
3.25
2 .92

2000, ..

| SHERE GERBEER

3 EREERRR N RN
' . i : L'Lil
p il | R |‘r‘

.20 b0 00 & - foimbop i i

.18 k000, RN S

BAREEY

17




iR 1 L Fd
A°HO9L2
R°ESEN2
0°50ca2
8°6020¢€
sc6StIE
2°A912¢€
9°AL2€C
2°AlEvE
€°6AsSE
2°LLR9E
A°GY20E
1 *RAQAME
€erEgely
S°S9R2¢
1°aLGoY
QL€YY
€eCo20y
R*0L106
2°6r12s
2°G01vg
€°RE09S
€*AlRLS
G*ASGAS
1°€6609
0°26029
0°56:29
1°L0R29
A°S0629
2°es219
9*G0086G
LA YE. L1
G*EFLES
72°19008
R°ERAGY
9°ltale
2°Ge1icE
9 2r2€C
9°99982
6°GSAY2
0°Llel2
1e22¢e1
S°eoGS1
6°0L0ET
&°18ROT
6°GAHAB

1°2091L

1°9609

L*9CaY

0°000n0

SINd SH

L1072
Q2°ein2
99°1EW2
LL*i8l?
09292
€0°9692
66°L992
09°RAS?
Q1°L0962
9leone2
62°6E02
99°2A€2
8vecece?
H2°2922
0L°R612
29°2€12
68°€902
0ve2a6t
20°Rte6t
R9°O0YAT
0€°09L1
68991
060651
L2+10G1
Gee6001
29°S1ET
oLe6127
c6°2211
00°9201
08626
LE*SER
8l°€v,
60°9%9
92°€LS
80°96¢
a1°G2e
10°19¢
99°Eot
90°€G62
18°802
eSe 0Ll
gseLen
82°601
2€°s8
L1°S9
efene
2S° ¢
11+g2
gLt
L1°9

ALID0N3A

*gd@M SGT0°0 JIONVIHOIMAd WWOZ2 JO LNOINI¥d dILNAWOD

-m-II-----llIlllllllIlllllllllllllilllllllr,

1"eievunLcs
S°99 60062~
1°9699090€~
€°v1Ti22¢~
2°c19t0%€~
8°LL4vL18SE-
9 121I8C0iE"
A°6GH2%H0E"
0°86L9CC20~
1°20195u00
9°E16069L0~
6°612R2206~
#e1109¢c0€ES
1°54£89856~
9°08065985~
§°920S1¢ct9-
A°CRTADLES-
0°9199.9G9~
1°€9.98699~
9°LT1e59ELS~
6°21959999~
€°2L¢F6L8E9~
2°6290516S~
0°SA2EBL TS
S*YCLRYE T
0°6AeB0GL2-
R*2os9210t~
€°2GRLEQUT

2°L2LLv2re

0°EE299L66

€°06.8065R

vesgEoeItIl”
B°R229L0%€ ¢
9°EGRAL2EST
€e9at2eetol
8°1LESSSLLT
IS TYRLT.I.YN!
€°00G696292 1
0°590695491
1°8€60896261
0°lEgREelt!
1°S61020v%21
6962622111
6°11901066

€°62996518

*°2186869S¢

1°0R9SELES

S°100€26€S

BeOFEE2L 00

S°L2899%.C

30078 S3Ind

S
GRANR®
olvwae
1093
SYvne
982
¥ 0Tu®
YR
[ YIY
LI XY R
1oL
tolie
HEAQ®
2€Ly°
1269
(13" M
GHOY*
1egs°
2€9S5°
L6ES"
RS1S*
LAY A
GOy ey
{loee
Gl
YHRE®
2€9t e
69¢tE"
Lot
1982°
266G2°
€egee
2uiee
Tigle
2491
ceele
[sete
2401
60a0°
Ewive
SEY0°
9260
L2e0°
fegne
L192v°
2020
9vt0°
&&600°
0900°
1200°

Q3INMNH dOMd

L7 0 si°s

YIMY IN0H N0A 8M)

VUAN"H
cenenl
vil®nl|
tteeLt
tuc vl
CETRLN |
Yuncel
660°91
LefrL
el
tgwell
sutlell
cuecul
LAVEY
5%0°6
LhE'Y
LLTRY]
Letl*L
1iS*y
Lun*y
lwe*q
[CY. 84 )
lyeey
166°t
lvc*g
¢St
dLi*e
[P AN 4
LY R4
[TIEA
vesel
turet
Ennc |
sUA®
Hel®
vie*
Py A
énfF"®
oVE"®
6L 2°
(10 B
yel®
LG
vin®
weo*
t€o°
wiln®
6uo*
wwne*
Tuu*

RETY VY

Olem

('R} )

HIONII W

O ]

/TNl P
LA Y X 1% ¢lvn® mw
wlwlise celuve® i
1°E74%vE 2lune
weEie it ttvo*
v°0/¢nt ttuvne .
»oulent Llvo®
heldune ttvne
S Y PAL viun®
L°onkey nlune ]
noersey vive®
1°LenyY viun®
wiwlve AULL®
BTV X ~ULO®
L°9eunY auun®
weonsUy suvo®
L%¢sles nQUL®
AR LYIY wULD®
LR 01 LYY rouL e
vetsliy HOUn®
v°eluus Louvp*®
vTlleuy Luvo’
**uanly Luvo*
veymiey Lovo*
L°nleYy Quuu*
v Q9 wuune
“'palay Yyvo*
LM Y T L yuuo*
*°ltuey suuo*
toLteGey SUune®
WoYALLY SUun*®
1°9lvss quuv*
Al A T4 LI
1°TEoUs souo"*
1°¢6 cywe LI ﬂ
AL ZYE K soun®
LAY tuvvon®
EYOLY TS c€ovo*
weluind fovo*
Vliwve covu®
1°6¢ele svvn® ]
wouetnl oo’
6°1vesl Z000°
veeioel Zouvn’
L°2uvul fovo®
2°9nbn tove*
w®2U%¢ | TR
wlysuy | (IR
1°9€0" vovo*
[ IR vpun®

SInd HAVHD ini)
S1 321A30 N1 U3SH INYIVdaumdg
ueau* vue* ve*
Him I9nvud °ls JumS
‘11 T4Vl

e = A




9°t2el
€oL8SL
1°660L
0°AENL
Lolnel
Aclele
fAc*loce
A°.9e8
S°0e9R
0°02n8
f°9006
£°1026
6°€C0%6
2°G196
9°6EnG
4°G9001
9°90¢01
€°A6501
6°12a01
2°R6011
& IRELL
1e2aoll
6°tto21
ceascel
1°20421
€°9L0€1
L°0Lv€1
IR L14]
a°R2rF91
9°94, 91
G°26261
L°A1RST
L°0RE9 T
9°RALAIL
o°Ltedt
G°66261
9°0€061
2°GInmel
L1°06902
€°L9612
0°80G22
€eLL0€2
vegloc?
2°al2e2
LO°EEDY?
1229962
1°69192
0°2AN9?
LML T
LS £13 }]
0°G0ce62
8°6020¢
(A 1388
*

sleotec
0L°v26€
§0°Clec
6l°106¢
0l+¢@8¢
6L°9L8¢
92°999¢€
v9°168¢€
g€ 0€0c
90°62e¢
X228 (TS
nseL6lt
0v°€oLE
06°091¢
L0°9G.¢
16°0€CLE
6c€°ceLc
06°L0L€
€2°169¢
95°9.9¢
€9°L69¢C
89°6£9¢
68°129¢
9€°€09€
0€°v86¢
2L°996¢€
96°99S¢€
61°€25¢€
9€°206¢
62°089¢
89°L59¢C
06°€CoE
15°609¢
92°98€¢
60°RSEE
€6°0€CE
2Lc20¢ec
8€eldidec
€8°292¢
86°012¢
€LeLLe
16°291¢
6g€elole
96°0L0¢
29°€coz
sE°S602
G0°3642
2L°Sle?
92°%(N2
9 1€82
LLoLel2
09°2v(2
€0°9692
[ ]

£°9660069-
1e°218€t1L-
€°10L69¢€L~
€ooolilgl-
(56901~
1°86A6Y10-
9°0€0LEv0~
1°€Etecin-
€°v0€L506-
2°21926€6~
4°29999 .6~
R°60002101~
9°L9.91G01-
$°12¢2¢€601~
L°%009¢L€CL L
§°2162v%811~
0°1266€C21~
L°L0L19Q21-
FEA WL T{ 14 &
veel952001-
9°6£0299%1~
$°91900ESL"
6°%0€69091~
1°96109891~
9°L€B699LL~
0°992466081~
1°94001G61~
0°61509602~
9°1L6699912°
6°Co9gEp22-
8°S1€t2192"
4°CORTIGS2-
0°9t18t0L2"
$°69925902-
S lete290¢€~
2°69199€2¢
8°S189L99€C"
9°9191029€-
f*194L0C6€C~
(°109261029~
0°61652169~
1°0e020602-
A°#G900G512~
9°lnavig22-
g€eototE2-
L°¥Syl2692-
6°€lo21292~
1°21£98612-
S°9v1A%062~
1°v490090¢C~
€evi21922¢-
2°Q1.910%¢C~
0°L16%185€C"

6010°Y
6010°Y
60101
60to°t
60107
64010°1
6010°1
6010°1
60tuet
691lu°-1
6vivey
6010°1
A010°1
6010°1
6010°1
6010°1
ALTI0°T
AVlvU*t
6010°1
6010°1Y
60lvel
6nto°}
A010°1
601vu°1
6010°1
6010°Y
a0Jv°t
40101
A010°1
&0t0°Y
AVT0°T
60t0°1
60t0°1
6010°1
60101
a0t0°t
6010°1
60101
A010° 1
40t0et
60tu°1l
AOTO° Y
8666
AbLG®
0996b°
nHeb®
L1e6°
2ule°®
GROB®
LT
1993
LI
9828
01l

INII¥3Ia L°vE

INIINIG 6°2LE

SI ADNIIDI 433 J14SITVY

ST ADNIIDI443 JIMIIN0ZILe O31I3040D

INIDN3Id v fL S1 ADN3IIJI443 JiMi3W0ZITa

ONDJ3S M3A L1394 €°webt S1 ALIJ0T3IA 3720w

2la*69
€€o°uy
L5%° L9
SHR*9Y
viltese
1646°€9
Ves 29
€egr 19
0L%°09
VEE*HS
BT RS
€90°48
6°SS
ELL°S
S99°¢S
1¢s°2s
10e°1g
L82°08
LL1%6y
2L0°uy
2L4°9y
UincGe
VR4 4
SUL°Ey
9e9°¢y
L2128 £
T2 A41TY
Lev* 6t
cLE°8E
vegrit
SH2°9¢
242°8¢
[YTAL 1Y
902°€C
e6l1°2¢
Ist°lt
[ZARd'1Y
ot2-62
€2 He
\ AT AN ¥4
g9
weE*Se
lev°* o2
(T AL ¥4
wis*2e
vi9°le
(CYRL T4
vuacsl
erhent
vil®nl
ttgetl
L0G vyl
Mo Y1
YuR°v]

SLen¥L12 SI IMNSS3ne JIML1INU231d

veLESIL seuop*
€°slatl LA
w°eeull s2up-
0°unu¢l €evo*
(STTLAS g€evo*
L°06921 gevo*
9°laogel tevo*
L°uvl6¢l 22vo0*
“*9etel 2evy’®
FelweEtl 22vue
Coyeovtl 2evu®
(IR V19 | 12ve°
royelel tevo*
2°vivel t2vo*
S°whwyl tevon*
9°enbv] vevu®
1°Euest wevo*
Ho92941 oevn*
Qouveyl vevo*
1°11e91 6luoe
L°Livwl oluo®
e°1vuil etuo°
no2uell 6lvo°
ntuuel wlvo®
ueseenl elvo®
Y°orinl Wivp®
e°Lien] wivo®
s%0ni0l Live®
1°2tfu¢ Llupe
uetuev? 1tvy*
V°yusie¢ $luo*
w°gevled wivo*
¢*6ined wivo®
VoLt ste ylvp*®
t°yndve vivo*
*°Guine stvoe
FoLebNe SGlvo®
WOYHYYE Sluu*
(ST Y P4 slvo®
S 12nn¢ slve®
v haOULE slvo*
¢ °¢usutL [ 2 "IN
o°outle elvo*
e®ounlE €lvo°*
2°Ls¢ck tlvo*
°unudt tlvu*
(ST XYY tlue®
7°%ll%n elcne
[ 24 CY X TY e¢clvo®
wowlest ¢lvo*®
L°E26NE 2lune
vegdrt Ttvo*
0/ ¢ént 1tvoe
Loyient Tluo*

58 TV

18

A




CPRS (CHAMBER PRESSWRE (B P3I)

T
wl TR T
LSECNEEL RN VAL uw)
BAY .
= }\L_Mj! .ﬂj RN
A N
PEE'
il R L 18
’ i\ Jn gTm!s
; f._;.:_._ - .-ll..,__,.-.'r..L- Nane 4 L 1
| ST . o Gl g 1 | {r dedig-
1000 : \ ; L
" | ! { | |
! 'TT"lT'S [ |
l ),..,L.L_ o G (B B S [ U ~JL- o 3
51 N
‘ T—o— .L...i.-'._ 4 \\ .
e Ly -
_4"L—*.r ~% 1 ;-» —.Ju-q ]
LS o e ) LR €
I I :_t- o _}\ N |

2000

7
/1

o

o
/i
/
]
==
i_d 5

[ PRESSURE TRAVEL PLOT 25 WM 0.20 L9 CHARGE WEIGHT . | |

T .

i 1
A . " AL

W e

Figure 50

20

40 80

BDIS (DISTANCE IN INCHES)

Graph of 20mm Performance 0,015 Web,

19 (The reverse of this page is blank,)




1°629v2  09°9€92 v*16Ga21C2-  c2vme Wehom I B B TS 'L SRR e
9°Q92G2 EV°RAG2 €°102G 192~ 2lene telowl [°advue tlvo®

1°nE6S2 LA T 1Y 4 QoHeGH262~ Rlgue* ovF*i i LA T AT} tivy* hm

e° o899 69°6162 2°0G00 o2 I9ine Loyl (AR LI tluee =

6°FREI?  29°81%2 ORI VRG22 2uuwe eNees *luvet ¢lup® ~ !
AL X3 UT 09°Qfe> 1°09022Ru2- Nesy e weregt YPI lune (aV)
(AR VX1 T4 AO°EAER Feusw9B0OVE - LY P4 woe *v 1 L°nluve ¢tuy’®

1°€28K2 2€°ReF2 ¢*eF02uElE- 60G2° awvetl s L1141 dluvn*

teetz0¢ SEe20¢2 €°0/€2692€" nEEL® Lundl Al LYY 1vo*

1°Gealg 00°gS2» HeYQ06T100€E~ LAY tvg*2t arig 1% Tlvo*

€°RlQ2fF 12°902? v LFLR2ESE" LLYE A ool v°sivle Tlve*

1°1€9€¢E €Aa°GG12 1°66£2099€~ 0lHwe vancul **ufEnt ttuo*

2°GROVE #O0°%012 2°090408L€~ Ad9v* tefeul AR YR AT otvo*

0°RLISE 09°0502 1°12R016RC- 2%e99° LEVAL LA 3749 ] vluo®

a°1169¢ Qe°GHAMT H*°92608100~ 2929° it1°e Kol otuvu®

{°FROBE ¥GcREnT HOENURTZTo=- oNNwe feaew ntendde otub*

C*QR2AF ER*HINY eclevglO2e- GURG® LT Y} t *oftey LY 1T

6°Flcoy L12°61lut H°QQ/ALY2y" Q995 (XY A CoLlney svuL°®

G°GGi 1y HeaeG 1 2°9Ch6062y~ Gues° LSH°y PAXTAL 1 LYTIVI TR

1°1662y Yo 291 v°9/GeRpl 0" ov25e oEF Y “toliguy YT

Fel22% S1°9291 1°o1619.00- 2Gus* lvacy WlHewLY woun*

neQoeqe RA°LSGT 1°6%2%Q9uE = Tonee LTSI DRI X 1Y RUITRY .
v° 9269y CLANE-R A H*90T16L6S€~ 129 Luace I LIYX ] wuno*

RO°e9GLl Y g2°9let L°6019R21€~ Tleve (29°e (R L' (Y wUL®

' TFoke G6°2%¢C1 **650€9952- 2619 iny’e e*Hunuy 1000°

6°Colae 62°8921 [AFETTYAY R 216t LAY Loty Lovoe

2°099h4e €G*2h11 1°2990.R6~ 0SLE" 162t LA £ £ Lovo*

2°11R6e 00°9111 WeL10€CEE 12st° Ush®¢ 1°0isls LOV0"

G*eIR6Y tlencot Q*0266La11 GOEE" Lew*d wulidis oun*

ReVUTvAY 1€°29 (°G99eGR2 FHOE" Leree A1 LY wouy* .
A IG9NY Fleqnu 1°ERRTZANE €onee ven*2 L°Elvee v

€eFoSiy 1tetin 0°va2i€R2S QYN ELY R 1°¢utne wuuon*

Q*21n9¢ GR*LEL 0°/119Lh90 FEele tveel t Ul syuvo®

Q9enelve 16°999 6°9R0LLVYUN v22¢* ¢srel v*ylyee CYTTT A

(°lEnly QH*RAS 6 OYHGALZH 22uc¢* LA S°9AKLYY Suvo* 1
FehvebE 12°0€8g €*18¢€LL2801 1211 LY. % wellnt Suun®

6697 9¢F ovetLy v opREe21011 (Y] & Lone LA LTX]) Ypuo*

€°RGAEE 1L°91e 1°€GGLTLv11 191 Lug° C EAVYE Yoo

Q*Fl01¢ QE vl 1°09;2690411 (LA R unG*® »*'9ulie Ypuy*

1°212042 Se*Q1¢ 1°SARY00S1T 1 RETTL® one® L°\neéne oo

2°69052 G6°2L2 S°9ns2€R0TT *h60° vue* CRETE £ Y [T -
$°QGR22 [LAdd¥4 ¥ 100A60S01 (L LI L T4 A *°twndd [T

€* 20902 Ge*R61T L°02998GHS QeLUe LY Ad *sl1vud €vvo°

0°001tR1 00° .91 6°S%009¢€26 REQU* LOP A **0llel tuve*

6°9GAST 60°6E1 9°€000L69H 2GU° Hal® AR LTI cuun’

€°2/6€1 hveell 1°60G1To0L SSv0° vele A°SInLT 2vuo°

te2qt2t 5626 5°59G62182¢ 9L€0° ono° 1°eG121 2buu° )
Q°0meOT 22°9¢L 2°12€R6099 qogL° sane weineul duvu*

[ R4 AT:T S0°*RS 1°1F19%206S 'AZ4'M Yen® LR 2411} Tovu®

RealstL Glewe Ve SRenAL S 9Wio® LYd M t*uetl tovne

€°ERS9 G2°2¢ S ECLGI0Se CIR (T Line LA 1Y) tuveo*

[ 34 2.1 ole22 $°220L66G6¢ Shuv* snne LR 231 Tove*

oclele 8e°€C1l 9°90C6ETYE 6So0ve U0 veivie vovo*

0°000e L1°9 €°9e600962 Lévoe Tune neuuue ouvoe
SInA SR AL1120%3A 34078 S3Ind Q3vuNn g0OMd AP LYY S dxd navHd) ELTYY

"
~\_
O0l=n S1 1A3u ) UISN INY NGO
9L 0°69 uedu® umt® nee
VYINY Iu0OH YOA AND HIONTTI*H LFL} EQLL L) c1m JUmS

*g3M 020°0 FONVIMOIMId WiHOZ2 JO LNOINI¥d ¥ALNJWOD

‘111 T19vVl




INIONA wofL S1 ADN3ID1433 D11517ve
INIDYIe L°le ST A3w3ILDT 343 DM013~0231a 03123940 ~~
\
S
IN4dndA DLy SU ADN4IDL 444 DNt ING2I]a
ONDD3S 3@ 1334 €°049t ST ALIJIOTIA 3V27nw
mEelivol SI I41SS384 JIMLINUZITG
6°9RRQ L€°6L9¢€ 2°9965L6S- c100°1 nUn®ay 1°5e0tul weuoe
9°900L 9L°890¢ 2°0600919- €100°1 YUK 1°66¢ul wevone
1°0F1L Q6° LG0T £°90G26¢F0~ [AGUR Lowu*99 a*LSeul wouo*
A*ReZi 96°999¢ F°S08FSG9~ €lov-t A VALY] n®levul LY<'I' A
Felefrt LL°SESF (°9Re*g 9= (AT hlveey LAY I] LY4 TR
' R2Q, |F*v2af 2°611SR69~ flovet [TX LX) “°g9001 qevi®
*°0L0L LL°219¢ 0°02¢912L~ clooet Yee°2y noselll [P IR
S*)lRL S6°009¢ 6°US/RGY .~ Flovet enfeily v 2EEll v 2vb°
LA TH.YS AN°RESE [°S21FT2L~ Floveg L2009 ¢°5¢S1L wluo"®
2°RZ21IR {ecalse well20086l~ clove auRong 1°%éeLil " lup®
€°2A2R RO® eQGF S°0ep0928- flovel Leluy s°ltell sgvo*
1°29e4 62°166¢ L°10655%98~ c100°1 nneis 1°5el/cl Fevn*
R°AEOR G2°8Ls¢ 2°2REO9RE- flov°t Lun°vg n®99e ¢l Levo*
ROECZRR F6°92S¢E 1°21ECH16- clovet Lon® ey LA LY (WA
€°6l06 2E° 11s¢ Q°66LIEGL- cluneg ¢oneS I1°stwel t2uo*
Q*e( 26 29°/)bef S°6FA00AG- cluoet [KLAFAY weluue 22vu®
2°229%6 22°€CRef 1°01208201~ clooet tnsols L°neEel 22vn®
Q°REQG 69°HOeE 2°9/068901~ Flovel [CYRATS (AL TN 2/vp°
FeeQR6 CU°ESef S°we02ttll- Fla0e| 2l/°6e ALY e2une
A*6A001 Eo°HEef 9°2000LG61L~- Fluvet Hivowe i°wile| [FLT
0°Qeful 90°F2¢¢€ §°000480021~ clovet (XTLAFE Yo7 00l teun®
*°F0001 TleL00€ 2°911hrGG21~- floney Qeucye f%owivl 12vu®
Q°2/a01 QL 066fF S°ENQs60€1~- cluveg SuQ°Ge 1°911n1 12uu®
GoeGI T 00°elfE H°SQ0G0L0CT~ crovet UnRG®Ye CRCTY 29§ uevo®
0°0NGe 1 UR°QSEE E°6/0ML201~ Elvuet LT3 X e lwsl vevue
(SLLTAS Sl°afcE 1°winl2evl- Fflovel vis®ee 1 univl v2up®
v°GRN2T 2o0°t2¢c¢e S FRFELIOQST- FlO0°1 LIG° e (R YL 0eup*
et 221 aF°20€F S*SFLeSEQL~- Flovel LI XE Utunbul nluue*
2°uni 2t f2°€ulf v°629001L1- clovet LAY S “°vlesl alun® =
1G22 26°€92f 0°9G6086L1~ Flooeg LA TS 1owwie | olune .
G°GAGET  22°Fv2¢ 9°LopnleBl- cloveg uFee /€ I*wienl aluv® =4
A°ORAFT  TF°222F 9wz 2%R6 1~ Fluvet Awus 9§ ("ot wnl wivp® &
te2€o01 9i°002¢ 2°€CiIcSLRO2- flovet CY VALY 3 0oyae bl wiup® —
0°F0ael 6%°RILE A°KO[%n(2- Flodet we) o wesuanl wivo® =]
Q°10061 29°SSs1f 9°Faloltic2- flovetl LLY R 3% Houneu¢ wluv® @
2°0F661T Lt letle {°YRZ26GV92~ Flonet *Gu°2¢ CR TN P4 1lune® ol
Felneot 22°lole *° 39129842~ Flovet oln®if we2eLle Jluo®
L°1R0L1  el°l8OC 1°UFveFEL2- Flovet Y TS nGovee Llun® 2
G221l Ge°S§SOF 2°EQROvEN2 - €lovet uLocur “*heite Llvu* ©
6°RAFAT c€leneoe £°ncelooueE- Floveg Ly 8. Y4 ~®wisne wivu* (=]
A°N2TAL 6662 s*EoclnG2F~ clovetl tQ2°n¢ (A U T CANTR w
Ate2661 82°0462 *°090%0RSI- Fluo°t LtaF® e wCwelae viune ol
s*Gonnl R1°0062 Ueel€l009(~ omMHb e Livovw? LT Y2 Ylvou® =
2°FCHF02 ¥ 6062 s°G21920L1- £S/6° (LI 2oeunse qlun® +
2°AFR02 TUeRLRY ¥ F266L9L1~ 0dvbe LY RA T4 [k JIX 274 QLvp® Yt
ecolcl? AR°Geg? A EQoFOrR I~ Guepe I ¥4 (AT Sslvo® [
Re60R12 FO°€Cle2 neleiniobl= L9€be win®s2 AL WYY v @
fFeo2¢ele 0e°ALL? 9°9F0v2@61~ ROZHe alleee ALY RY slupe b
N°S9R22 06°09,2 E°nNGLI0v02- Quwub* [T 2l ¥4 suse g efun® [e
h°Q20E2 €1°60L2 Hetllollel2- (26ne ascud AL LT sjun® W
Feclne2 29°fLe2 v°vp92Q222- LTV LN Setnl Car X X 1.Y4 sfuo® 1)
15292 090°9F0Q2 v IFGn21F2~ [(TL T Heaowl 1*afuve tlun® P
9°092G2 E9°RAG2 €°L02G 192~ 2Lone telewml 1°9¢vut [ RO R
1°6FAS2  HY9°6662 S°MeG69252-  Alfue ovFell neuGEIL Clue® 2
*°00Qu? 69°AlG> 2°0Ca0Tlev2~ [Yliwe L09°vl 1°2101n10 tlune [
6°FuEI2 29°Q1e2 WO oRLYEGL 2 200wme FESLIN | 0Lt P ~ ~
2°0G1H2  0v°0Ce2 1°09022RH2= newy e astesl wticknd Jlun® N
Hellawe 66°26€2

feu/n9B0VE~ QlwLe wor *e| RLYE'LTY v’
L a— 'Y ELCA A ¢°oQnet PALT RS




Il
| W
! ; / 1
r
P i . [l
1 e 1 H
m b 4 \ . e
I AT N ]
H | 4 . | =
e 4 L . —
i 1 ) | | -]
o . + ' i - : o -
= M - -t
- e - o g >M| w “ 1
| | =
=——— T ' : 1 1 1 - ”
2 p—t—te = | 2 3
. | N -
- ——t——{ w|*| pore—— ot b jme s .- .
L} 1} i i | 1 o
] (- | f
H—f— ————t—f— —_— e ey — —— . =
Y M. H. I U (- & - L - — b= = .-
1 N A " T =
e o g § g 5 e | e o ll&ll. — - -
] ] L
Moo e 08 W e — - o
1 | P ! w
kol
3+ ry N -
— - L/LES _— -t | o ..-II 3
o Ul i 1
. e — 1 - . m .
: I.l L.qu.: - . -4 : o
- 4 3 .Calf.ll%l'd q.vo.lw L ’ .".
— —— | el

g

™~
(15d W1 JUNTSINd VIGRYHD) SUdD

3% 45 995 65 15
BOIS (DISTANCE IN INCHES)

25

15

.020 Web,

Graph ot 20mn Performance

Figure o,




09000
6£000
8£000
1€090
9€000
S€000
$€000
£€000
2€000
1€000
0€000
62000
82000
12000
92600
52000
*2000
€2600
22000
{2000
02000
61000
81000
11000
91000
S1000
21000
€1000
21000
110co0
01000
60000
80000
20000
90000
50000
%0000
£9000

10000 00RS60d

8Sa0¢ *ns¢ 13A
56084 o NeUsam
8568y (/7/53nMd SO AL12073A 3401S S3Ing Odnsng al
2560¢g Old q3avyl S3ud ARYH) ELD @Y HI0T) JYwRD4 22
95804 (L2%9Y) 21 in=
85604 (777%2vo¢  S1 3D1A0 NI O3ISA INYIIIsOMD  w2F) Va0 4 3t
16509 (90 TaNS (N) IAAL) (SESY) ILium
86404 (7772°014°%2°014°1°01 4°0°0T14°C°UL4°2°014)1Vnti4 B
RS04 VIV TOAI O NNHOAING YD LOMS (AOY) 4Ll nn
86604 (7793w 4001
RS60U T0A 8D HIONIN*H g3n EDI-L D) SLm JOMS HIYOTIMI) LVwnO4 @
95604 (WoY) 9iin
95604d (R3INgUMHM)/O9MIe*PB JyYm
RS404 LXTE B PT
85604¢ SuBAw
A560¢ EEYT-LY
#5604 (ToWdOE L A02° L 4590 L4511 406 oL 308 L4961 9) JymnOd ¢
RS604 SHAIS OMICVLIINOHINONABS LOMS® TOAS Y INV (L*G) 1V dn v
RS60d (el=¥ywvY)/vnviauy|
G604 weisl]n
RG404 (E°WI0T) [VunO) 4 w2
RSH0d ASA(NC*S)uV idn
RS60d (AR KT AR NE LY-IVER X4
RS604d JIACYCLOQI UV 4
RS 604 (L°H401) fvmnid
RS604d VRIS CIUV 4n
RG60d (1°W40T) fVmn4 @
QaGsa0gd SHA(9 GV 4,
RS60d (P2YO02°H AV Y40 W [N 4) [Vl 4 &
RS60d (012N (N) JALL) *AADCONMO YRV O] SIFOGItIV
RS60¢ (H) 34ALl®(02) JJuUns (UL)SHA NOLSH 4 ]I
RS604d (N2)JAA* (02)ASd MNNISan] )
RSa0¢ SLAN*AOLA*NNN® (0DUT)STNHA® (000U 1) SHEDd/ 7+ UanllD)
AS604d “%b Jisn]s
RAG40d avnw nulCels
RS604d HOCN] TUPEI R
86604 1070 eon a/U e
RS40d 6 60100 19HGH0 2-8S6YH LAEeS20T11 r so410¥8 Hh4 all v
(VIR 48 INALNOBGIAGY L * LINGNTIZSTAV] ® [NALNOS INAN] I nGHUA WU MDA
ege°pl*St 69780782 0°l A O3IONSLYI NYMLINDY waolg

"ONLISTT i NWVYLY0d Rv¥O0¥d OILSITIVE HOIYIINI

‘Al F18YL

St

vt

L T4

ve

s

vl

1Y)

aVRYUNA

2h




160600 #560¢d X3Hd*LAV0¢ 10404 NAI0S1UASSHADI* AW S (219 41 1M o1 06

06000 RSH0d SHAI=dN1ld (dOLAT 19°SNAD) 4]

68000 RSK0d OHD/ AMEIId 4

88000 #SK04d Q200008 3A0A=3IN] )

L8000 85404 r=4000 .

98000 RSA0d CCIAODemaN) =T0AT) 7 L (° L o

58000 AS60d 21T V13AeYItdavINT) ¢ (*210273A0130Ven43eHNYD) )= (*2Tndn] a1 (INO) ) =]udn

*8000 RG604d dHeIAD=IA0D . f

€R000 RS604 GHMZ (dH=9H)) =MHN
¥ 24000 86604 274asiuiu

18000 RGs04d (vIinveSltix) +10AY=TUAY e i (]

08000 RSK0d ("21eINIH) +STUM=S LUw 4

: 61,000 ASA0d (S2L000°e10IV) ¢+ (G20000 e L TIA) =IN]H

8L000 AS40d *2/71420000%013)0v)=VDY

L1000 AS60d (S20000°a7130V)+ 1 V3A=213A

9.L000 RSA0 Y I IVIRSFIR I KL I T ELPT BER] YA

SL000 RGa0d L1°2E7 00V 4d/79HD) ¢ OHS ) =4 4 LS —
. ¥.000 RSe0d (L=0X)ASd* (OVHL ( (T=0D¥) ASd=(ON) ASd) ) =DV 34

€2000 86404 ((T=0%)33A=(0M) IFA) 7 (1L=0X) JIA=2V3IA) 20¥H LG

2L600 AG604d 6% 01 09

1L000 RSK0d (OM) ASd=IViA ¢S ol

L0600 RSK0d 0S 01 09

69000 AS604d leOiu=0x |9

9000 RER0M £S02GY (G (L1IA=(ON) IIA) 4] Un

49000 ASK0d (=0v

99000 AS604d 1NleSHAI=X INA «9

S9000 RSHK0d (VleslO0H=1lN]

¥9000 RSK04d ((ajMale2/(°T=¥nwYD))) e )/ IRiUDN

€90c0 RGA0d (LIdedAl el 1°2CeavnYY) /(2 1IA0ZN1IA) BN

29000 ASa0d 2h4as{ 13A 2

19000 RSK0d (S20000°81ONU) sA=dH LY

09000 ASALd INYHeOHMeMIIUNG LT

65000 AS604d 21 vl v

85000 ASa0d N=LUNG LN

15000 85604 UMsUESTT (9HD=am) 4] vl

95000 ASAK0d wWlo*(1=v") 4lvb=n 1

§S000 RGAOd (lv(le (L1O/9 (1) )=2m[0)

5000 #GA0d ((=Vl)SHA=SUADIED ] A

€S000 [AGA0d (T=vl)ILvH=(vi) IlwNs iV

2s0n0 RSK0d (1=vr)SMa=(V¥lr)Snd=lln &L

{so000 ase0d ol oL 09 vs

05000 8S60¢ (VF) Jivosy 9

64000 RS04 Wi Ul U%

89000 AGSA0d lewi " w¢

L%000 ASADd SL4Q) LI LIV )SHA=SHAD., L' ul

9%000 RS604d Isy(" w¢ se

$9000 RSA0d 1606441 &t 00 )

¥9000 ASADd (*TevAv))a(viIHes]l)=nnvY ¢ JMMW

£v000 ASe60d SHAISESudD

29000 AGK0d *pOUFEAULA

19000 WSa0d veosslgw “e




ey, o |

05100 ASA0d UN3

69100 ASs0d NHNL3IN

get00 ASs04d INNTENDD wut

Lv100 8S604d 2al=1Al Y4

9v100 858604 eyi=ixl

Sel00 AS60d (ZAT*2XTSLAT*IXT)IAINTY TVivD

¥9100 RG604d COMMIISHAId) AANEEAL

€vlo0 AS60d CO%IISTaME) AyN=EX ]

29100 8S604d SldN*2Z2=3uN] 00E O ve

teto00 fSA04d (CL)SHAIdIAANEA]

ovt00 85604 ((DISIOHA)AYNSLY]

6€100 AS60d (UHIIBECTeTeTe(T)2NA* (T) La*SLANIALOIdY VD J

8ET00 ASK0d (BYITCGSeTeTele (1) INA*(T)La®*SLIANIALOIdY 1 1vD o]

L€T100 RS604d (00S%0T*SHAIHYS V=09 =t0)AINNdY T1vD sl

9t100 AS60d (016005°STUNHY*¥=)ALNTHA VIV

S€100 RSK0d (ANSXNSOQ e TonoNSAQSXUSLACAASEX S IXSATONINS VIVD

€100 ASs04d Cezr

€Eto00 AS604d I==]

2€100 AS604d (HUIJUGOCUV2OANST O NS A0 LASHACZ)AAGYD TIVD vl

1€100 AS60d (HHIT*0°02¢xNs[eNs YO Ay IXST)AAUXA T1TIVD

0Et100 RASA0d dOLdS LA

62100 RS604d (1)SHAIgEHA

82100 86A04d (S1dN) S TOHa=HY

L2100 AG604 (L)STana=Y Q0

92100 RS&04d o=

s2100 AS60d SL1dN®*dOLd*NNN® (000T)STAHM® (000 1) SHdDd/ ZNOWNDD

*2100 AG604d 10744 3INT LooHENS

€200 RASKO0d 1071an D1 4nls -
22100 RGa0d un4

12100 RGK0d v 0l oY vel

02100 RS604d 107dM 1)

6100 85604 (1N3IOH3Id HB*T1°B4¢ST ADNIIDN 443 DIISINIVA HeZ//) 1VABUS LY

8lloo AS404 IH(LVe9) 4L LINN

41100 8S60d (IN3IOMI4 WECT*L4°ST AINIIDIA43 DTHIIW0ZIAId Q31 IIMNHUD HIE//: (vwaUd 9y e
91100 85604 HY (v9¢9) ) Lym sl .m
stto0 AGK0d *00Tedl/7ANI= 4y 5
#1100 8SHK04d (cl=vv9) /dn] JeOHIB 3] ..m.
€l1to0 RS60d (L1°2€0°2) 7 (LOHSaWARWA)ZINY

etto0 RSa0d LOHS/ (2 1°2Cand9e 4V) EHY ..
{1100 RS04 (IN3IYId HBT°L4°ST ADNIIODII4T DIMIINUZ7ITG HOZ//) JVmtD4 CY vl

01100 RSK0d 4V (20%9) 31 lum A
60100 RGa04d *00lervE 47 M.
80100 HGAO0d d0ld/70vENY

L0100 RSH0d (7ON0D3S M3d £334 HOLCT*HJ*ST AJID0TIA 47270 HET/) pvwbug (Y -
90100 AS404d WA(TOe9) 4ilinm sul =
60100 RS604d (77%2°63°* S1 IMNSSIUA DIULINO74ld KWG2//) | Vw4 uY +
0100 RSK0d OV (098 9) 44 IMm S
€0100 RSK0d (9°904v3UY) /°2T @l UHSH (NNH/WABWA ) SOV ©
20100 RSK0d AUV ITIAZWA -4
10130 AS604d A0S (((*2TeINTIHI/NNHO) =) =AQY vul ~
00100 ASK0d NOM=S | UNEMNINO W
66000 HSA0d [73A=213A=A7140 6oL [
86000 RS04 3NNIINOD bt be
16000 #Ss04d 6L OL 09 (NNH®"3ID°STUM) 41 .m
96000 AS60d (S20000°eLliidl)) eSHADI=SBY)D L1 =
$6000 RGa0d SIUHE (S1aN)SiunA ~ xw
¥6000 RSKId SHAI= (SLaN) SHddA

£€6000 a85604d {*Sian=SLldN

26000 ASK0d (1°01402°GT 401 ST 4%9°GL 4%E°GT 4°1°S14%9°GT4) Jvma0d L1

16000 #S604d X3HA*1070° 10406Na46STUACSHAD® Wl (2 109) 4110w S1 06

026000 _  SC&04 . L P T A T T SO




SECTION 1V

EXPERIMENTAL RESULTS

NORMAL DEFLAGRATION

The validity of the preceding analysis is easily assessed by
measuring the pressure-time history and muzzle velocity of a given
device and correlating the results with those predicted by the theory.
This experimental effort was conducted at the Jet Propulsion Laboratory
of the California Institute of Technology under NASA sponsorship. The
device which was used for this purpose is shown in Figure 7.

Figure 7, Device to Measure Pressure-Time History and Muzzle Velocity,
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Pressures were measured in the chamber and at two additional
points down the barrel by means of high-pressure Kistler piezometric
pressure transducers feeding Kistler charge amplifiers and recorded on
persistent phosphor Techtronix oscilloscopes, Muzzle velocities were
measured by means of break screens connected to Hewlett-Packard digital

clocks,

The launch tube was of smooth bore configuration and for maximum
flexibility was constructed with a uniform bore diameter rather than
with an expanded chamber; this design allows an infinitely variable
chamber volume, Ignition and propellant loading techniques are shown
in Figure 8,

<

D

NN

Figure 8, Ignition and Propellant Loading Techniques,

The initial chamber volume is determined by the location of the
piston base while the loading volume is a function of the diameter and
length of the phenolic sleeve into which the propellant is initially
packed, The ignitor used consists of a firing nut containing an Atlas
electric match surrounded by 300 mg of black powder. This type igniter
gives a short-duration flame of high intensity with little brisance,
When the tubular propellant grains are not too tightly packed, the
effect of the phenolic loading sleeve may be neglected except insofar
as the volume it displaces is concermed,

Firings demonstrating proper deflagration and typical correlation
with the above referenced theory are illustrated in Figures 9, 10, and
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Figure 9, Pressure Time Plot With A = 57.0 in.2/in,%,

11, A qualitative delineation of the phenomena occurring in Figure 9,
for example, would be as follows:

1, t=0tot =1,0 m/sec: Very slow increase in chamber
volume as the result of an almost negligible projectile velocity, hence
very rapid pressure increase due to energy release by propellant in
almost constant chamber volume,

2, t=1,0m/sec tot = 1,9 m/sec: Projectile velocity
increasing and, thus, exposed chamber volume increasing more rapidly.
Excess energy input decreasing as function of incremental volume to be
pressurized,

3, Peak pressure (t = 1,9) to propellant burnout (t = 2,9
experimentally, 3.2 analytically): Plenum volume increasing more
rapidly than energy input, Sharp break in curve slope due to propellant e
burnout,

L, Subsequent to burnout, 2 very rapid pressure decrease occurs
as a result of the expansion of the gases, heat loss to tube, and further
energy imparted to projectile,
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Figure 10, Pressure Time Plot With A = 61,0 in.2/in.%,
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Figure 11, Pressure Time Plot With A = 65,5 in.2/in.>,




In these three firings, the primary difference exhibited between
the experimental data and the analysis is a result of the following
factor: the single_perforate propellant is assumed to burn extermally
and internally in a radial manner until the total charge is consumed,

In reality, this does not occur, A certain fraction of the grains
fragment during combustion, and this increases the exposed burning
surface and, in general, leads to slightly higher peak pressures and
somewhat earlier web burnout than is analytically predicted. The
difference, typically, is of only a few percent in peak pressure and is
of such a nature that there is no way to express it analytically.

Figures 9, 10, and 11 show the quite good correlation between theory

and experiment which is attainable when the density of loading A is kept L
at less than 75 ir.2/in.2, At loadings above this level, a different
mechanism of combustion becomes manifest and could probably be best
described as a transition through shock-driven deflagration to virtual
charge detonation, The charge characteristics are presented in Table V,

TABLE V, CHARGE CHARACTERISTICS.

Muzzle Velocity
Plot Charge | Propellant| Slug ( fps)
References | Weight Web Weight A Predicted Actual
(gm) | (in.) (gm) |(in.?/in,®)

Figure 9 86.2 0.0164 560 57.0 2,08 2,0L0
Figure 10 90.0 0.0164 560 61,0 2,220 2,210
Figure 11 | 110,0 0.0190 508 65.5 2,360 2,300
Figure 12 97.5 | 0.0164 560 76,7 2,250 2,150
Figure 13 93.0 0.0164 550 80.0 2,190 2,220
Figure 14 | 105.0 0.0164 560 82,0 2,3% 2,700

SHOCK-DRIVEN DEFLAGRATION

It was mentioned previously that the phenolic tube had no effect
on the interior ballistic solution, This is not true, however, if the
propellant is packed too tightly into the tube, The propellant used was
M-10, wvhich is virtually 100 percent nitrocellulose with no nitroglycerine
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loading and, hence, would be expected
detonation characteristics,

Figures 12, 13, and 14 show this
shock-driven deflagration to strongly
Figure 15 shows the remains of an end
the point where a response similar to
pressure record is available for this

to be relatively insensitive to

phenomenon of trensition from weak
shock-driven deflagration,

cap when loading was increased to

complete detonation occurred, No

firing because the breech pressure

transducer was also destroyed, An indirect method of pressure deter-
mination may be made by the calculation of the force necesssry to shear
the normalized 4130 end cap and indicates a peak pressure of at least

l*50 )OOO pSigo
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Figure 12, Pressure Time Plot With A = 76,7 in.2/in.®,

From the illustrated firings, it is possible to characterize the
combustion of the propellant into various regimes as a function of the
burning surface per unit of free initial volume, Symbolically, this

would be
8 = Sp/Vir
as
SB=2Cw/ppwo
then

3e

Vip = L A, - cw/pp
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Figure 13, Pressure Time Plot With A = 80,0 in.%/in,>,
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Figure 14, Pressure Time Plot With A = 82,0 in.?/in.°,

It was mentioned earlier that, for proper deflagration in this system,
A must be less than 75 in,2/in.®, In Figure 12, A = 76.7 in.2/in.2 and
it was seen that a slight pressure pulse occurs, then damps out, but
drives the peak pressure to a value approximately 30 percent higher than
what would have been encountered during proper deflagration,
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Figure 15, End Cap After Detonative Reaction,

In Figure 13, for which A = 80 in.2/in.®, the initizl pressure spike
is rapid and narrow and quickly decays to be followed by another broader
pressure pulse to approximately the same value, Figure 14 shows the
pressure-time profile of a loading with a A - 82 in.2/in.°,

The initial pressure wave is virtually identical to that exhibited
by the previous loading. The second spike, however, is much higher and
gives a peak pressure almost 100 percent higher than would be expected
if linear regression were the only mechanism at work,

The loading represented by the wreckage shown in Figure 15 was
A = 86,5 in.2/in.®, A detonation-like reaction phenomenon had occurred,
resulting in a pressure probably well above the 450,000 psig mentioned
previously, The response could have been a true detonation of the
individual propelilant grains, which then formed a gaseous blast over-
pressure wave to act on the recstraining steel. The energy release rate
was such that this is thc wost likely mode of reaction,
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The A values given for the onset of this highly undesirable mode
of reaction would include most fully loaded cartridge cases with thin
web propellant, This demonstrates the requirements for either deter-
ring or inhibiting a large fraction of the initial surface area. Good
ballistic design, however, requires a tradeoff between reproducible
ignition and the formation of these dangerous shock waves in the
deflagrating propellant bed.

From the previonus results for the system under consideration, the
following regimes can be defined:

A <T5 Proper deflagration
75 < A <86 Shock-driven deflagration
a > 86 Detonation like response

These particular A values are doubtless a junction of propellant
composition and ignition technique, They do graphically demonstrate,
however, that the ballistic designer must be cautious when approaching
very high loading densities to be certain that the regimes, other than
noral nropellant regression,are avoided,
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